Exposure tests were performed on low alloy steels in a tropical environment, and the structure and electrochemical behavior of the rust were analyzed by TEM (Transmission Electron Microscopy) and EIS (Electrochemical Impedance Spectroscopy). In the exposure test, chloride ion from the sea was found to be the dominant cause of the corrosion of the steels, while the effects of temperature and humidity were not particularly significant. The Ni bearing steel exhibited lower corrosion weight loss as compared to the carbon steel (SM), and had excellent corrosion resistance. EIS measurements on exposure test samples were performed to determine the rust resistance (R rust ) and corrosion reaction resistance (R t ) of low alloy steels. The R rust and R t of Ni bearing steel were much larger than those of SM after an extended exposure test. Raman spectroscopy showed that the rust on Ni bearing steel was mainly composed of nano-size ¡-FeOOH and spinel oxides. TEM showed that nanoscale complex iron oxides containing Ni 2+ were formed in the rust on the Ni bearing steel. It was found that the Ni bearing steel formed nanoscale iron complex oxides containing Ni in the rust, which increased R rust and R t , and suppressed the corrosion by chloride ions in the tropical environment.
Introduction
As the economy of India grows rapidly, the corrosion of infrastructure is becoming a serious problem. Weathering steels are advantageous for reducing the maintenance cost of bridges and other infrastructure components. 1) In addition, many steel structures in coastal areas require the use of steels with high resistance to the corrosion caused by airborne salt particles. Responding to this need, Ni bearing weathering steels 2) have been proposed for applications in coastal environments. However, there is little data concerning the corrosion performance of Ni bearing steel in tropical environments.
While there has been extensive analysis of rust on steels in mild environments, 310) numerous questions remain regarding the basic mechanism of rust formation 11) and the effects of alloying elements 1214) in saline environments. Indeed, several symposia have been held on the atmospheric corrosion of low alloy steels. 1524) However, there has never been reported for the structure of the rust on Ni bearing steel in tropical environments.
In this study, the process of rust formation and the electrochemical behavior of rust on Ni bearing steels were investigated through the use of an actual exposure test in a tropical environment in India. In particular, the structure of the rust on Ni bearing steel was examined by Raman spectroscopy and TEM, and the electrochemical behavior of the rust was investigated by the EIS method. Finally, the relationship between the formation and electrochemical behavior of the rust was examined for Ni bearing steel exposed to the tropical environment.
Experimental Procedure

Test samples and exposure corrosion test
The Ni bearing low alloy steel was rough rolled at 1553 K, and then rolled at 1327 K to produce a 5 mm thick plate. The chemical composition (mass %) of the Ni bearing steel was 0.1 C, 0.2 Si, 1.0 Mn, 0.01 P, 0.003 S, 0.01 Al, 0.003 N, 0.002 O, 2.0 Ni and the balance Fe. Carbon steel (SM) having the same chemical composition except for a lack of Ni was employed for comparison. The exposure test was conducted for 3 years at two locations, 300 and 3000 m from the seashore in Chennai, India. Figure 1 shows annual climate data (amount of rain, temperature and RH (Relative Humidity)) for Chennai city. The average temperature exceeds 20°C, RH is in excess of 60%, and the amount of rain is greater than 100 mm in summer, which is typical for a tropical environment. The test samples were unshelteredexposed with a slope of 45 degree against the horizontal line.
Physical analysis of rust
Surface analysis of the rust was conducted after the exposure test. XRD was carried out with an acceleration 
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voltage of 12 kV and a Cu target. The scanning range was 10 35 degree at a speed of 2.0 degree/min. In order to estimate the rust composition quantitatively, an internal standard method was conducted using ZnO as the standard. From the relative intensity compared to that of ZnO, the composition (mass %) of Fe oxide was determined.
The cross section of the rust was measured by SEM (Scanning Electron Microscopy). The EDXS (Electron Dispersing X-ray Spectroscopy) was conducted to investigate the concentration of various elements (Fe, Ni, Si) in the rust. In addition, micro Raman spectroscopy was carried out with a 532 nm laser beam and a slit width of 25 µm. The frequency region was 4000200 cm ¹1 to detect Fe oxides. Nanostructure observation of the rust was performed by TEM analysis. The rust was cut by FIB (focused ion beam) from the inner rust. EELS (Electron Energy Loss Spectroscopy) analysis was carried out in order to identify the chemical state of the Fe and Ni in inner rust.
EIS measurement of rust
By using EIS, the rust resistance and corrosion reaction resistance can be estimated for the rusted steel. After the exposure test, electrodes were fabricated using the rusted steel. Then, EIS measurements were performed in 0.1 M Na 2 SO 4 solution using a 2-electrode system with a frequency range of 20 kHz to 1 mHz and an applied voltage of 10 mV.
Results and Discussion
3.1 Corrosion of low alloy steels in a tropical environment The corrosion resistance of the steels was estimated after the exposure test for 3 years at the Chennai site in India. Figure 2 shows the exposure test results for Ni bearing steel and carbon steel (SM) at (1) 300 and (2) 3000 m from the seashore. The extent of corrosion was determined by the reduction in thickness of the steel plate after removing the rust. The rust was taken from the steel by the steel stick firstly. Then, the steels were exposed in a diammonium hydrogen citrate solution (300 g/L, 60°C) up to the silver color of the surface.
At 300 m from the sea, the amount of corrosion of SM increases greatly with exposure time, and is still increasing after 3 years. On the other hand, the amount of corrosion of Ni bearing steel is much less. Thus, Ni bearing steel exhibits excellent corrosion resistance in the exposure test as compared to SM.
At 3000 m from the sea, the amount of corrosion of Ni bearing steel is very small, and there is little difference between the corrosion loss of Ni bearing steel and SM. Of note, the amount of corrosion of SM is not particularly high at 3000 m even under the high temperature and RH conditions. Thus, chloride ion from the sea is the dominant cause of corrosion of the steel, and the effect of temperature and RH have little effect in this case. Additionally, Ni bearing steel is recognized to be resistant to corrosion by chloride ions. Figure 3 shows the EIS spectra of Ni bearing steel and carbon steel (SM) after 3 years at 300 m from the seashore at Chennai. The resistance component at high frequencies >1 Hz (R h ), capacitance in the region of 1 mHz to 1 Hz (C), and resistance component at frequencies <1 mHz (R l ) are noted. The R h is likely related to the resistance of the rust (R rust ). However, since the resistance of the oxides is extremely high, it is considered that R rust is actually due to the resistance of the solution in the fine pores of the rust. 23, 24) R rust of Ni bearing steel shows a much higher value than that of SM. This fact implies that the rust of Ni bearing steel is much finer than that of SM after 3 years. On the other hand, the resistance component at low frequency (R l ) is considered to be the corrosion reaction resistance (R t ). R t of Ni bearing steel shows a much higher value than that of SM. This fact demonstrates that the corrosion resistance of Ni bearing steel is much higher than that of SM at 300 m from the sea after 3 years.
3.2 Surface analysis of the rust formed on Ni bearing steel In order to identify the corrosion preventing mechanism of rust on Ni bearing steel, the rust was estimated by surface analysis. Figure 4 (1) shows the diffraction patterns of Ni bearing steel and SM after 3 years at 300 m from the sea in Chennai. The spectra of both are very similar to each other, and ¡-, ¢-, and £-FeOOH and Fe 3 O 4 are distinguishable. From the relative intensity with that of ZnO, the composition (mass %) of each Fe oxide was determined in Fig. 4 (2) . As compared to SM rust, the levels of ¢-FeOOH and Fe 3 O 4 are reduced, and ¡-FeOOH is increased in the rust of Ni bearing steel. This result is thought to show that Ni bearing steel forms a protective rust layer against corrosion in coastal environment. Figure 5 shows SEM data for the rust on Ni bearing steel after 3 years at 300 m from the sea. Figure 5 (a) is a cross section of the rust which indicates the measurement location for the EDXS analysis. Figure 5 (b) is the EDXS spectrum of the rust at spot 1, showing the presence of Fe, Ni and Si along with Cu of the mesh. Thus, the inner rust is thought to contain Fe, Ni and Si. Table 1 shows the concentration (mass %) of elements at each spot for the rust of Ni bearing steel. Although the mass % of Ni at spot 1 and 2 are a little higher than those of spot 3 and 4, the mass % of each element is almost the same as in the chemical composition of the steel. Thus, the Ni is thought to be relatively uniformly dispersed with no special enrichment in the rust.
Although the quantitative analysis was conducted in XRD, only 20% of the rust was identified, and the remaining 80% was undetected because the rust particles are very fine. Thus, in order to identify the fine Fe oxides in inner and outer rust separately, the micro Raman spectra were measured at spot 1 and 4 in Fig. 6 . At spot 1 in inner rust, the ¡-FeOOH (¡) and Fe 3 O 4 (F) are detected. The intensities of both are very strong, and there is no peak for ¢-or £-FeOOH. As the amount of Fe 3 O 4 was low in the XRD, this Fe 3 O 4 is thought to be spinel Fe oxide which cannot be detected by XRD. Thus, the inner rust of Ni bearing steel is thought to be composed of nano-size ¡-FeOOH and the spinel oxide. Similarly, at Spot 4 in outer rust, the ¡-FeOOH (¡) and Fe 3 O 4 (F) are observed, and there is no peak for ¢-or £-FeOOH. Thus, all of the rust of Ni bearing steel is mainly composed of nano-size ¡-FeOOH and the spinel oxide which cannot be detected by XRD measurements. FIB-TEM analysis was conducted on the rust of Ni bearing steel located at 300 m from the sea for 3 years. The sample was cut from the rust very near to the steel by using a FIB as shown in Fig. 7 . The experimental positions (15) for EELS are indicated in Fig. 7 . Figure 8 shows the EELS spectra of Fe-L at positions corresponding to those in Fig. 7 . All of spectra have peaks of Fe-L 3 at 714 and Fe-L 2 at 727 eV. The peak ratio of (Fe-L 3 / Fe-L 2 ) is almost 5.1 in all spectra. Thus, all of the EELS spectra are the same, which shows that the Fe in inner rust is almost uniform. H. Tan et al. examined the EELS spectra of Fe oxides including Fe(II) O and Fe(III) O, 18) and the shape of the spectra obtained here are similar. The peak ratio of (Fe-L 3 /Fe-L 3 ) is calculated from the spectra to be 3.5 from Fe(II) O, and 4.7 from Fe(III) O. In fact, the spectra here is similar to that of Fe(III) O. This implies that although the crystal structure is that of spinel, the oxide exists mainly as Fe 3+ . Besides, as ¡-FeOOH contains only Fe(III) O, the total ratio of Fe 3+ is thought to be high against Fe 2+ in inner rust. Thus, Fe is thought to exist in inner rust of Ni bearing steel as mainly Fe 3+ and little Fe 2+ oxide state. Figure 9 (a) shows the TEM-EELS spectra of Ni-L and Fe-L in inner rust cut from Ni bearing steel in Fig. 7 . The spectra have a peak of Ni-L at 857 eV. Although the spectra are weak, all EELS spectra are nearly identical, showing that all of the Ni exists in the same chemical state in inner rust. Figure 9(b) shows the TEM-EELS spectra of the standards of NiO and Ni used for comparison. Though the peak position of Ni-L is the same in both cases, only the spectrum of metal Ni has a shoulder in the higher energy region of the Ni-L peak. For the rust, there is no shoulder in Ni-L spectra. Thus, Ni is thought to exist as Ni 2+ oxide state in inner rust of Ni bearing steel. Although the spectra are weak, Ni 2+ is likely involved in a complex oxide with Fe in inner rust.
Corrosion resistance mechanism of Ni-bearing steel
In the exposure test in the tropical environment of India, the corrosion of steels positioned at 300 m from the sea was much higher than those kept at 3000 m. The corrosion of steels at 3000 m is low, despite the high temperature. In the case of the exposure result at Choshi test site which is located at 3000 m from the seashore in Japan, the reduction of thickness of SM is almost 50 µm in a year. This value is almost the same level as that at 3000 m in India. Maybe, although the increase of the temperature promotes the anodic dissolution of the steel, the relative humidity (RH) decreases simultaneously. Thus, the corrosion at 3000 m in India is not particularly high as compared to that in Japan. It is found that the chloride ion from the sea is the dominant factor in the corrosion of the steels, and the effect of temperature and humidity are not relevant in India. Ni bearing steel showed much higher corrosion resistance than SM in the high chloride environment at 300 m from the sea. Moreover, in EIS measurements, Ni bearing steel had much larger values for R rust and R t than those of SM after the exposure test. The primary reason for this fact is likely to be the protective rust formed on Ni bearing steel during the exposure test, where high corrosion resistance is maintained despite the chloride rich environment.
In XRD, almost 80% of the rust was unidentified because the rust particles are very fine. By Raman spectroscopy, the rust of Ni bearing steel was found to be mainly composed of nano-size ¡-FeOOH and spinel oxides which cannot be detected in XRD measurements. Even in outer rust, nano-size ¡-FeOOH and the spinel oxides were the primary components, and Ni bearing steel had a protective rust with a thickness of 80 µm in high chloride environment.
TEM Finally, it is demonstrated that as the thick layer composed of nano-size complex oxides are made with Ni and Fe, Ni bearing steel forms a protective rust against the chloride rich conditions in the tropical environment of India.
Conclusions
Exposure tests were performed on low alloy steels in a tropical environment in India, and the structure and electrochemical behavior of the rust were analyzed by TEM and EIS.
In these exposure tests, chloride ion from the sea is the dominant factor in the corrosion of steels, and temperature and humidity have little effect. The Ni bearing steel exhibited a smaller corrosion weight loss as compared to carbon steel (SM), and had excellent corrosion resistance. EIS measurements on the exposure test samples were performed in order to determine the rust resistance (R rust ) and corrosion reaction resistance (R t ) of low alloy steels. The R rust and R t of the Ni bearing steel were much larger than those of SM after an extended exposure test. Micro Raman spectroscopy showed that the rust of Ni bearing steel was primarily composed of nano-size ¡-FeOOH and spinel oxides which could not be detected by XRD measurement. TEM showed that Ni bearing steel formed nano-scale complex oxides containing Ni 2+ in the rust, which increased R rust and R t , and suppressed corrosion due to chloride ions in the tropical environment in India. 
